CT perfusion; myocardial perfusion reserve; non-invasive imaging; reference population; stress testing; transmural perfusion ratio Purpose Combined coronary CT angiography and CT perfusion (CTP) is a novel, non-invasive, 'one-stop' diagnostic tool to rule out ischaemia in patients suspected for coronary artery disease (CAD). However, the normal myocardial perfusion pattern by static CTP in humans is poorly described. We aimed to investigate global and regional myocardial perfusion during rest and adenosine-induced hyperaemia in asymptomatic women without history of coronary heart disease (CHD). Methods Using a 320-row CT scanner with a static protocol, semi-quantitative assessment of rest and stress CTP was performed in 34 asymptomatic middle-aged women without obstructive CAD (<50% stenosis) or history of CHD, and with normal exercise stress test and left ventricular (LV) function. Using a 16-segment model, we assessed global and regional values of LV myocardial perfusion reserve (MPR) and transmural perfusion ratio (TPR). Results MeanAESD age was 56 AE 13 years. Resting and hyperaemic myocardial perfusion was heterogeneously distributed throughout the LV myocardium. During hyperaemia, global MPR increased by median (IQR) 158% (144-176) with the highest increase in the right coronary artery territory (171%; P<0.02). Rest and stress segmental TPR values ranged between 0.93-1.26 and 0.99-1.13, respectively, with the lowest values detected in the inferoseptal segments. No differences in perfusion parameters were found between participants with normal epicardial arteries and participants with non-significant epicardial atheromatosis (all P>0.05). Global perfusion parameters were not associated with age or menopausal status (all P>0.05). Conclusions This descriptive study presents data on global and regional myocardial perfusion in a cohort of healthy middle-aged women.
Introduction
Over the last four decades, cardiovascular disease (CVD) mortality has declined. Yet, CVD is still the leading cause of death for women in Europe (Maas et al., 2011; Mosca et al., 2013) . Coronary artery disease (CAD) develops on average 10 years later in women compared to men and is responsible for approximately 20% of deaths (Michelsen et al., 2017) . Despite more frequent angina and a lower burden of obstructive CAD, women have worse cardiovascular prognosis compared to their male counterparts (Gulati et al., 2012) . The correlation between stenosis severity at invasive coronary angiography (ICA) and symptoms of angina in female patients is weak (Jespersen et al., 2012) . Therefore, a better non-invasive approach to evaluate the manifestation of CAD and to discriminate between ischaemic and non-ischaemic myocardium is of importance to prevent repeated invasive examinations in this patient group.
Current guidelines recommend the use of non-invasive imaging in stable symptomatic patients suspected for CAD. The diagnostic approach usually consists of anatomic evaluation of stenosis by coronary computed tomography (CT) angiography (CCTA), and/or functional assessment of potentially flow-limiting lesions by myocardial perfusion imaging (MPI) (Task Force Members, 2013) . Addition of myocardial perfusion imaging optimizes diagnostic accuracy of a standard CCTA in patients with intermediate lesions (40-70% stenosis), non-diagnostic segments or coronary artery calcium scores above 400 (Rossi et al., 2014a,b; Ladeiras-Lopes et al., 2016) . Furthermore, gender-specific analysis of the CORE320 trial (Coronary Artery Evaluation Using 320-Row Multidetector Computed Tomography Angiography and Myocardial Perfusion) revealed that CTP has an incremental value compared to stand-alone CCTA in detection of flow-limiting CAD in women (Penagaluri et al., 2016) .
Recent advancements in MDCT technology enable both qualitative assessment of myocardial perfusion defects, which is a visual evaluation of alternations of the left ventricular (LV) myocardial contrast enhancement between rest and stress images, and semi-quantitative evaluation of hyperaemic and resting myocardial blood flow at acceptable level of radiation exposure (Varga-Szemes et al., 2015) . Combined CCTA and static CT perfusion (CTP) is therefore a potential future 'onestop' diagnostic tool appropriate for patients suspected of CAD.
Qualitative CTP evaluation is well described and used in both clinical and research settings (Ko et al., 2012) . Existing knowledge on semi-quantitative patterns of resting and hyperaemic myocardial perfusion in healthy asymptomatic individuals is, however, limited, and mainly based on male participants (George et al., 2009; Cury et al., 2011; Ko et al., 2012; Tobias K€ uhl et al., 2012; Linde et al., 2015; K€ uhl et al., 2016) .
The primary objective of this study was to determine patterns of global and regional myocardial perfusion at rest and during adenosine-induced coronary dilatation by static CTP in a cohort of asymptomatic middle-aged women without obstructive CAD.
Methods Population
Female participants without history of angina, coronary heart disease (CHD) or any other cardiac disease were randomly selected from the Copenhagen City Heart Study between August 2015 and April 2016. The absence of obstructive CAD (≥50% stenosis) was verified by CCTA. All participants had normal resting electrocardiogram (ECG), normal exercise stress test, normal left ventricular function at rest and no valve disease on standard transthoracic echocardiogram (TTE).
Basic examination
Assessment of demographic and clinical data, including medical history, cardiovascular risk factors and medication, was completed through questionnaires and personal interviews.
MDCT -imaging protocol
Medications containing dipyridamole were paused for 48 h, long-lasting nitroglycerides for 24 h, short-lasting nitroglycerides and antihypertensive medication on the examination day. Participants were instructed to abstain from smoking and from intake of food and drinks containing methylxanthines (coffee, tea, etc.) for 24 h.
One hour prior to examination, intravenous lines in appropriate sizes (one for the contrast medium and one for the pharmacological stressor) were inserted in the antecubital veins of both arms, and an oral cardio-selective beta-blocker was given to participants with a heart rate (HR) > 60 beats per min (bpm). If HR exceeded 65 bpm prior to the resting image acquisition, an additional beta-blocker was administrated intravenously. Study flow is presented in Fig. 1 . Blood pressure (BP) and HR were obtained several times throughout the examination. ECG was monitored continuously. All participants received 0.8 mg nitroglycerin sublingually prior to the rest scan.
Images were acquired using a 320-slice MDCT scanner (Aquillion One Vision Edition, Toshiba Medical Systems, Nasu, Japan). Scan parameters were as follows: tube current 100-120 kV and 400-580 mA (depending on BMI); gantry rotation time 275 ms; and detector collimation 0.5 mm 9 320. Omnipaque contrast media (70 ml, 350 mg iodine per ml, infusion rate of 6 ml per second) were for both CCTA and CTP. CTP images were acquired using a static, prospectively ECG-gated protocol. Intravenous adenosine (0.14 mg kg À1 min À1 ) was administrated for 4 min prior to the stress image acquisition. Using bolus tracking, image acquisition triggering at rest was set at an attenuation density (AD) of 235 Hounsfield Units (HU) in the descending aorta. Rest and stress examinations were performed with an interval of 10 min. To obtain optimal contrast enhancement of the myocardium during stress imaging, acquisition was triggered manually 2 s after the peak of AD in the descending aorta (Tobias K€ uhl et al., 2012; Bischoff et al., 2013) . Images were reconstructed with 0.5 mm slice thickness and increments of 0.25 mm. Further, rest images were reconstructed at 75% of the cardiac cycle. Stress images were reconstructed at 75%, 80%, 85%, 90% and 95% of cardiac cycle to determine the phase with least myocardial motion artefacts. Beam hardening and cone beam correction algorithms were applied.
CCTA and CTP and interpretation
Reconstructed data were transferred to an external workstation (Vitrea 6.8.0 Vital Images Inc., Minnetonka, Minnesota, USA) for analysis. Image quality was rated as good (absence of artefacts), moderate (presence of artefacts that did not interfere with interpretation) or poor (presence of artefacts that did interfere with interpretation). Participants with poor image quality were excluded from the final analyses. CCTA images were evaluated for the presence of epicardial atheromatosis according to the guidelines by a certified CTA reader blinded to participant's medical history and perfusion results (Wu & Wu, 2015) . Participants were classified as either having normal epicardial arteries (absence of plaque; coronary artery calcium (CAC) score = 0) or having non-significant epicardial atheromatosis (1-49% stenosis or CAC score > 0). Anatomical variations of the coronary arteries were noted. CAC score was obtained by the method described by Agatston et al. (1990) . Total Agatston score was determined from the sum of individual scores of the major epicardial arteries and categorized into three groups: 0, 1-400 and >400 Agatston Units (Oudkerk et al., 2008) . For CTP analysis, delineation of basal and apical LV limits in four-chamber view, and endocardial and epicardial contours in short-axis view were automatically traced by the software and subsequently manually corrected. Myocardial perfusion software automatically divided myocardium into three myocardial layers (subendocardium, mid-myocardium and subepicardium). A 3 mm slice thickness with a myocardial window level of 300/150 was used. Papillary muscles were excluded from LV boarders. CTP images were evaluated by a certified CTP reader blinded to participant's medical history and CCTA results. Both rest and stress perfusion images were visually assessed for motion, beam hardening, cone beam, and reconstruction artefacts in two-chamber, fourchamber, short axis, axial, sagittal and coronal views/planes before the optimal reconstruction phase were chosen. Myocardial segments compromised by artefacts were noted uninterpretable and were excluded from the analysis. A 16-segment model, derived from the 17-segment model (apex excluded), was used for the automated semi-quantitative evaluation of myocardial perfusion during rest and hyperaemia (Cerqueira et al., 2002) .
The HU value for each LV segment expressed as AD was calculated automatically by the software. The myocardial perfusion reserve (MPR) was defined as the ratio between maximal adenosine-induced vasodilation and resting perfusion and calculated for each segment: MPR ¼ ADstress ADrest Ã 100%: The transmural perfusion ratio (TPR) was defined as the subendocardial to subepicardial perfusion ratio, where subepicardial AD is the mean AD of the entire subepicardial basal, mid or apical layer, and calculated for each segment:
TPR ¼ Subendocardial AD Subepicardial AD of the basal/mid/apical layer (George et al., 2009) . Intra-and interobserver analyses were performed by certified CCTA and CTP readers blinded to participant's medical history and to prior data analyses results.
For analysis purposes, the 16-segment model of the LV was further categorized into coronary vessel territories left anterior descending coronary artery (LAD; segments 1,2,7,8,13,14 and 17); left circumflex coronary artery (LCX; segments 5,6,12,11 and 16); and right coronary artery (RCA; segments 3,4,9,10 and 15) in participants with right or balanced coronary dominance. The segments were categorized as LAD (segments 1,2,3,7,8,9,13 and 14), LCX (segments 4,5,6,10,11,12,15 and 16) and RCA (no segments) in participants with left coronary dominance. Myocardial regions were divided into basal, mid, apical, septal and non-septal. Global AD, MPR and TPR were calculated as an average value of all 16 myocardial segments.
Statistical analyses
Shapiro-Wilk test was used to assess data normality. Continuous variables were presented as mean AE SD (normally distributed) or median (IQR) (non-normally distributed). Categorical variables were presented as number of participants (%). Myocardial segments were weighted equally when pooled to calculate global and regional perfusion estimates. Differences between myocardial regions were calculated separately for basal, mid and apical regions, and for septal and non-septal regions. Bland-Altman plot was used to illustrate the intra-observer variability and interobserver variability, with mean difference and 95% limits of agreement. Rate pressure product (RPP) was calculated as HR * systolic blood pressure (SBP).
Differences within segments, vessels territories and myocardial regions were assessed using one-way ANOVA. Differences between rest and stress perfusion values were assessed using either one-sample t-test or one-way ANOVA. Differences in perfusion parameters between participants with premenopausal and postmenopausal status were calculated using multivariate regression model adjusted for age and menopausal hormone therapy status. In a sub-analysis of participants with normal epicardial arteries and participants with non-significant epicardial atheromatosis, intergroup differences in risk factors and perfusion parameters were calculated using twosample t-test, chi-square test or one-way ANOVA. Minimal and maximal segmental AD and TPR values were defined as below first and above second tertile, respectively. P-value below 0.05 was used as a cut-off for significance. All calculations were performed using Stata software (Release 13; StataCorp LP, College Station, TX, USA).
Ethics
This study was performed in accordance with the Helsinki Declaration and was approved by the Danish Regional Committee on Biomedical Research Ethics (H-3-2012-005). All participants gave written informed consent after receiving oral and written information about the study.
Results

Participant characteristics
Of 35 participants included, one failed to complete CTP protocol due to technical reasons and was excluded, leaving a total of 34 participants for the final analysis. Participant characteristics are presented in Table 1 . Hypertension, hypercholesterolaemia and diabetes mellitus type 2 were present in 6 (18%), 6 (18%) and 1 (3%) participants, and 15 (44%) participants were current or former smokers.
Hemodynamic parameters
Hemodynamic parameters at rest and hyperaemia are presented in the Appendix, Table 4 . Rest to stress increase in HR and decrease in SBP were significant (both P<0.001). No differences in RPP during rest (P = 0.30) or hyperaemia (P = 0.79) were found between participants who received beta-blockers (n = 28) and participants who did not (n = 6).
Radiation
Radiation doses ranged between 1.6 and 3.7 mSv for CCTA and between 1.3 and 5.5 mSv for CTP. Median (IQR) total radiation dose for both CCTA and rest and stress CTP scans (n = 34) was 4.7 (3.5-5.7) with a minimum of 2.9 and a maximum of 9.0 mSv.
Anatomy assessment by CCTA
Qualitative CCTA was feasible in all participants. Image quality was rated good in 30 participants and moderate in four participants. Coronary dominance was identified as right-dominant, left-dominant or balanced in 30 (88%), 2 (6%) and 2 (6%) participants, respectively. Sixteen (47%) participants had normal epicardial arteries, and 18 (53%) participants had nonsignificant epicardial atheromatosis. Total CAC score ranged between 1 and 391, with 12 (35%) participants having CAC > 0.
Functional assessment by CTP
Feasibility
Rest and stress CTP was feasible in all participants (n = 34). Image quality at rest was either good (n = 12; 35%) or moderate (n = 22; 65%). Image quality at hyperaemia was either good (n = 11; 32%), moderate (n = 22; 65%) or poor (n = 1; 3%). In images with moderate or poor image quality, cone beam artefact was most prevalent during both rest and stress perfusion, followed by motion and beam hardening artefacts (Fig. 2) . The participant with poor image quality (motion artefact) at hyperaemia was excluded from the final analysis, leaving a total of 33 participants with analysable semi-quantitative CTP. Due to the presence of well-defined, regional artefacts, 7 (1%) and 3 (<1%) segments were excluded from the rest and stress analyses, respectively.
Intra-observer variability and interobserver variability
Intra-observer analyses (n = 15) of segmental AD rest , AD stress , TPR rest and TPR stress revealed mean differences of 0.9 HU (95% CI À0.6,2.4), 1.8 HU (95% CI 0.5,3.1), 0.03 (95% CI À0.01,0.06) and À0.02 (95% CI À0.05,0.01), respectively (Appendix, Fig. 8a-d) . Interobserver mean differences (n = 15) of segmental AD rest , AD stress, TPR rest and TPR stress were 0.9 HU (95% CI 0.3,1.5), 1.1 HU (95% CI À2.0,4.3), À0.01 (95% CI À0.01, 0.00) and À0.05 (95% CI À0.08, À0.01), respectively (Appendix, Fig. 9a-d ).
Regional and global myocardial attenuation density
Global and regional AD values are presented in Table 2 . Global rest and stress AD did not differ between participants who received beta-blockers and participants who did not (P = 0.81 and P = 0.49, respectively). Resting and hyperaemic myocardial AD values were heterogeneously distributed between segments (P<0.001 and P = 0.04, respectively; Fig. 3 ), but not between myocardial regions (all P>0.05). Differences in AD values were also found when comparing vessel territories during rest, with the highest values observed in the LAD territory (P<0.002). However, perfusion in the vessel territories became more homogeneous during hyperaemia (P = 0.60). Segments with the lowest rest (segments 3, 13, 15 and 16) and stress (segments 13, 15 and 16) AD values were mainly located in the apical region. Segments with the highest rest (segments 1, 2, 6, 8 and 14) and stress (segments 2, 4, 8, 10 and 14) AD values were mainly located in the anteroseptal and inferior regions. We did not find any differences in rest or stress AD between the submyocardium, mid-myocardium and subendocardium (all P>0.05; Fig. 4 ).
Regional and global myocardial perfusion reserve
Global and regional MPR values are presented in Table 2 . Heterogeneity in perfusion reserve was found between segments (P<0.001; Fig. 5 ) and vessel territories, with the highest rest to stress increase in the RCA territory (P = 0.02). No difference in MPR was found between LV regions (P>0.05). Global perfusion during adenosine-induced hyperaemia increased by median (IQR) 158% (144-176). In a linear regression model, we found no association between MPR and presence of epicardial atheromatosis (P = 0.75) or CAC (P = 0.21).
Regional and global transmural perfusion ratio
Global and regional TPR values are presented in Table 3 . Mean segmental TPR values (Fig. 6 ) ranged between 0.93-1.26 during rest and 0.99-1.13 during stress. Lowest and highest TPR values per segment during rest and stress are illustrated in Fig. 7 . Segments 3 and 9, representing the inferoseptal LV region, had the lowest rest (0.96 and 0.93, respectively) and stress (1.0 and 0.99, respectively) TPR values, independent of the presence of artefacts (absence of artefacts versus presence of artefacts that did not interfere with image interpretation; all P>0.10).
Significant adenosine-induced decrease in TPR was found throughout vessel territories and myocardial regions (all P≤0.018). Global TPR during hyperaemia decreased by an average of 3% (P<0.001), with the biggest decrease in the LAD territory (7%; P = 0.03), followed by the LCX territory (3%; P = 0.10). In contrast, TPR increased in the RCA territory by 3% (P<0.001) due to a relatively bigger rest to stress increase in the subendocardium. Transmural perfusion ratio <0.99 was present in five (15%) participants. In a linear regression model, we found no association between TPR <0.99 and presence of epicardial atheromatosis (P = 0.26) or CAC (P = 0.85).
Age and menopausal status
No association was found between global rest and stress perfusion parameters, AD, TPR or MPR, and age (all P>0.05).
Menopausal status was available for 33 participants. In a multivariate regression model, adjusted for menopausal hormone therapy and age, no differences in resting and hyperaemic global AD, TPR or MPR were found when comparing participants with premenopausal (11) status to participants with postmenopausal (22) status (all P>0.05).
Significance of epicardial atheromatosis and the presence of cardiovascular risk factors
Intergroup comparison of global CTP parameters was performed between participants with normal epicardial arteries (16) and participants with non-significant epicardial atheromatosis (18). The two groups did not differ with regard to age (P = 0.14), prevalence (all P>0.05) or burden of risk factors (P = 0.31) (Appendix, Table 5 ). We found no differences in global resting or hyperaemic perfusion parameters, AD, TPR or MPR, between the groups (all P>0.5). Furthermore, the prevalence of TPR <0.99 was not statistically different between the groups (13% versus 17%; P = 0.73).
When comparing participants without risk factors (9), including hypertension, hypercholesterolaemia, diabetes, smoking and family history of IHD, to participants with ≥1 risk factors (25), no difference was found in global rest or hyperaemic perfusion parameters (AD, TPR or MPR; all P>0.05).
Discussion
In the present study, we used a static, semi-quantitative cardiac CT approach to describe global and regional LV myocardial perfusion during rest and adenosine-induced hyperaemia in a cohort of asymptomatic middle-aged women without history of angina or CHD, with normal exercise stress test, and normal LV function on TTE. Rest and stress CTP was feasible in all participants with acceptable level of radiation exposure. In the majority of participants, image quality was either moderate or good, and intra-and interobserver analyses indicated reasonable levels of variability.
We showed heterogeneous resting and hyperaemic perfusion patterns throughout the LV myocardium. During hyperaemia, we found an overall increase in myocardial perfusion and a reduction in TPR explained by a larger perfusion reserve in the subepicardium compared to the subendocardium. Perfusion parameters were not associated with age, menopause status or presence of cardiovascular risk factors. Noticeably, we showed no difference in global perfusion when comparing participants with normal epicardial arteries to participants with non-significant epicardial atheromatosis. Data presented as mean AE SD. P-value from one-sample t-test or one-way ANOVA. LAD, left anterior descending artery; LCX, left circumflex coronary artery; RCA, right coronary artery; TPR, transmural perfusion ratio. Figure 6 Rest and stress transmural perfusion ratio per segment (mean ratio AE 95% CI).
We have selected our reference study to be composed of a group of asymptomatic middle-aged women. We ensured that they were truly asymptomatic by including exercise stress test and TTE. In this group, some had risk factors for IHD and some had mild asymptomatic atheromatosis. We think, however, that this reference group is the most appropriate to distinguish symptomatic patients with significant disease from patients without significant disease. We could have selected to study 'supernormal' individuals (no risk factors, daily exercise, no adipositas, etc.), but then even the average women without significant disease would possibly be characterized as having one, causing false-positive results.
To the best of our knowledge, no published data exist on hyperaemic semi-quantitative perfusion by static CTP in similar cohorts. Available estimates on resting semi-quantitative perfusion are derived from heterogeneous study samples with both asymptomatic and symptomatic participants, and various degrees of CAD, including obstructive disease. Therefore, direct comparison of findings presented in the current study to previously published data is challenging. In two separate studies of symptomatic patients with non-obstructive CAD, Kuhl et al. reported meanAESD values for AD rest , 73.8 + 10.5 and 87 AE 16, respectively, and AD stress 103.9 + 13.5 and 133 AE 22, respectively (Appendix ,  Table 5 ), which are slightly lower than values presented in the present study (Tobias K€ uhl et al., 2012; K€ uhl et al., 2016) . Previously reported rest and hyperaemic TPR values in symptomatic patients with non-obstructive CAD range between 0.96-1.16 and 0.94-1.12, respectively (George et al., 2009; Cury et al., 2011; Tobias K€ uhl et al., 2012; Linde et al., 2015) . TPR values reported in the present study lie within these intervals.
Perfusion variations between myocardial segments during rest and stress have previously been documented by Kuhl et al. in a group of symptomatic patients without epicardial disease (Tobias K€ uhl et al., 2012) . In another study, investigating the dilatory capacity of epicardial vessels in a similar patient cohort, Udholm et al. concluded that RCA had the largest dilatory capacity, which is similar to our findings (Udholm et al., 2017) . Considerable regional perfusion heterogeneity was also demonstrated by Kim et al. in a study of healthy volunteers assessed using dynamic dual-source CTP (Kim et al., 2014) . Comparing to other imaging modalities, regional myocardial perfusion variability in healthy adults has previously been described in both positron emission tomography and magnetic resonance perfusion imaging studies (Chareonthaitawee et al., 2001; Muehling et al., 2004) .
In the present study, meanAESD segmental TPR values during hyperaemia ranged between 0.99 AE 0.07 and 1.13 AE 0.08, respectively. The lowest values were detected in the inferoseptal segments. Lower HU densities in these segments have previously been documented in MPI studies (Burrell & MacDonald, 2006; Dvorak et al., 2011; Brunken, 2015) . Studies investigating the diagnostic accuracy of TPR have reported a threshold <0.99 to be sensitive for detection of myocardial ischaemia due to haemodynamically significant stenosis (George et al., 2009; Ko et al., 2012) . Perfusion heterogeneity shown here and in earlier studies suggest that parts of the normal LV myocardium have lower TPR when compared to the existing threshold (Appendix ,  Table 5 ). This underlines that due to normal variations in myocardial perfusion and presence of artefacts affecting estimation of HU densities, existing TPR threshold may only be applied with simultaneous evaluation of coronary anatomy in order to account for the regional variability (Crossett et al., 2011) .
Limitations
This study is of descriptive character with a relatively small sample size, and results should be interpreted accordingly. A previous study has found sex-dependent differences in myocardial perfusion assessed by MDCT (Byrne et al., 2013) . Results of the present study are gender-specific and cannot be extrapolated to the male sex.
We present semi-quantitative measurements of myocardial perfusion. Absolute myocardial blood flow quantification by CT is possible by dynamic image acquisition. However, the total radiation exposure using dynamic protocol is significantly higher compared to static CTP imaging. Because of ethical considerations, when examining healthy women, we performed static CTP to avoid unnecessary radiation exposure.
Analysis of the semi-quantitative CTP images can be limited by imaging artefacts (cone beam, motion, beam hardening), especially during hyperaemia. In the current study, thorough prescan preparation, including patient information about the scan procedure and strict HR management, resulted in acceptable image quality in the majority of scans.
Conclusions
This study presents data on global and regional myocardial perfusion in a cohort of healthy asymptomatic middle-aged women. Rest and stress CT perfusion was feasible in all participants with acceptable level of radiation exposure. We showed heterogeneous resting and hyperaemic perfusion patterns throughout the LV myocardium. Presented values for AD, TPR and MPR may be utilized as a reference for future studies.
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